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Abstract 
Neutron interactions with materials of Ge-spectroscopy systems are one of the main sources of 
background radiation in low-level gamma spectroscopy measurements. Because of that detailed analysis 
of neutron induced gamma activity in low-background Ge-spectroscopy systems was done. Two HPGe 
detectors which were located in two different passive shields: one in pre-WW II made iron and the second 
in commercial low background lead were used in the experiment. Gamma lines emitted after neutron 
capture, as well as after inelastic scattering on the germanium crystal and shield materials (lead, iron, 
hydrogen, NaI) were detected and then analyzed. The thermal and fast neutron fluxes were calculated and 
their values were compared for the two different kinds of detector shield. The relative intensities of 
several gamma lines emitted after the inelastic scattering of neutrons (created by cosmic muons) in 56Fe 
were report. These relative intensities of detected gamma lines of 56Fe are compared with the results 
collected in the same iron shield by the use of the 252Cf neutrons.  
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1. Introduction 
High resolution Ge-spectroscopy systems are commonly used in measurements of gamma activity in 
research connected with nuclear and particle physics, geophysics, environmental sciences, astrophysics 
and in other fields of science. One of the main problems in low-level gamma spectroscopy is detection of 
background radiation during the low gamma activity measurement [1]. A reduction in the number of 
background events is sometimes the only practical method for improving measured detection limits on 
rare or yet to be observed processes. Beside of gamma rays emitted by natural radionuclides, another 
significant source of background are neutron interactions. There are two sources of neutrons present in 
low-background Ge-spectroscopy systems. The first is associated with local natural radioactivity: 
neutrons produced via (α, n) reactions and the spontaneous fission of U and Th. The second sources of 
neutrons are the interactions of cosmic rays with materials surrounding the detector. Cosmic neutrons can 
be created through several processes: muon capture, usually at sea level or at shallow depths, muon-
induced spallation reactions, hadron induced nuclear reactions and photonuclear interactions. Gamma 
activity in low background Ge-detector systems can be produced by neutron capture, inelastic and elastic 
neutron scattering.  Because of that, detailed analysis of gamma activity induced by neutron interaction 
with materials of Ge-spectroscopy systems has done in this work. For this purpose, long time background 
measurements were carried out in different conditions. Detectors in two different shields (lead and iron) 
were used. Also, materials with different neutron slowing-down properties were placed around the 
detector to obtain data of influence of changes in neutron flux on detected neutron induced gamma 
activity. Based on these measurements, information about the gamma activity generated by neutron 
interactions with Ge, H, Pb, I and Na nucleus were obtained. Using the detected intensity of the gamma 
line that follow neutron capture and inelastic scattering, the flux of thermal and fast neutrons in the 
detector system has been assessed through a variety of neutron activation reactions.  
One of the goals in this paper was the identification of the characteristic 56Fe gamma lines in the 
background spectra registered by an iron-shielded HPGe detector at the Earth’s surface. In addition we 
used the 252Cf source to get relative intensities of gamma lines that are emitted after inelastic scattering of 
fission neutrons in the same detection system. Obtained results for relative intensities of gamma lines 
from background spectra and by using 252Cf are compared to the published results of the same gamma 
transitions detected in neutron beam scattering experiments. One part of this work includes analysis of 
potential influence of inelastic neutron scattering on count rate in the low energy part of the gamma 
spectrum. Detection of recoil energy of Ge nuclei after neutron scattering can increase count rate in 
energy range up to 100 keV. 
2. Experimental setup and measurements 
Two HPGe detectors located in the low background laboratory of the Department of Physics in Novi 
Sad (80masl) were used in the experiment. The first one is located in a lead shield. This germanium 
spectrometer has 100% relative efficiency. The second HPGe detector (n-type, coaxial closed end) is 
placed inside a chamber made of pre-WWII iron. This HPGe has 25% relative efficiency. Two gamma 
spectra were measured with the HPGe detector in the iron chamber with and without the annular NaI 
detector passively placed around HPGe. One background spectrum was also taken with the lead shielded 
HPGe detector. The influence of changing of the neutron flux and the activity produced by neutrons in the 
detector itself were measured with the HPGe detector in the lead shield. For this purpose materials with 
different neutron slowing-down properties were packed in two PVC Marinelli containers. Used materials 
were NaCl, CuSO4•5H2O and paraffin. Details about those experimental setup and measurements have 
been described in the previous publication [2]. To get experimental evidence about relative intensities of 
gamma lines following de-excitation of 56Fe nuclei after inelastic scattering of fission neutrons, the 252Cf 
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source was placed inside the iron chamber. Measurements were done with an uncovered 252Cf source, as 
well as with the source packed in 2 cm of paraffin [3]. The influence of detection of recoil energy of Ge 
nuclei on the low energy part of gamma spectrum was measured by the experimental setup og HPGe 
detector in iron shield. Different numbers of PVC tiles were placed between 252Cf source and HPGe 
detector. This way it was possible to observe changes in the count rate of the low energy part of the 
gamma spectrum with the change of average neutron energy. 
3. Results 
3.1. Detected gamma lines following neutron interaction with Ge, Na, I, Pb and H  
Many gamma lines, following de-excitations of Ge nuclei due to neutron capture, appeared in the 
spectra measured with the lead shielded detector. The most intense gamma lines resulted from isomeric 
transitions (139.9 keV (74Ge(n,γ)75mGe) and 198.3 keV (70Ge(n,γ)71mGe)). The intensity of the detected 
gamma lines arising from isomeric transitions depends on the material placed around the detector. 
Gamma lines, with energies 139.9 keV and 198.3 keV, also appear in background gamma spectra 
collected by the HPGe detector in iron shield. Several Ge prompt gamma lines were detected in the 
spectra measured with the HPGe detector in lead shield. Prompt gamma lines were detected only when 
the detector was surrounded by materials containing low Z elements (CuSO4•5H2O and paraffin). A 
comparison of intensities of 139.9 keV and prompt 595.8 keV gamma lines was presented in [2] and it 
suggested possibility of generated 139.9 keV by interaction of fast neutrons. Gama lines were also 
detected following neutron captures on H and I nuclei [2] 
Fast neutrons can produce background gamma activity in low background spectroscopic systems via 
inelastic neutron scattering. They can excite a Ge nucleus and after de-excitation gamma photons or 
conversion electrons deposit their energy in the active volume of the Ge crystal, superimposed to the 
recoil energy of the Ge nuclei. This means that Ge (n,n’) gamma lines have a large energy asymmetry 
with a long high-energy tail. These gamma lines are detected in all collected spectrum. Detected intensity 
of Ge (n,n’) gamma lines by HPGe in iron shield are two order of magnitude lower than the 
corresponding gamma lines in background spectrum of the lead shielded detector.  
Inelastic neutron scattering takes place also in other materials around the Ge detector. In the spectrum 
taken with the iron shielded Ge detector and the NaI detector as passive shield the 439.3 keV gamma line 
following the 23Na(n,n’)23Na* reaction is visible. In the spectrum taken with the lead shielded Ge detector 
gamma lines following inelastic scattering on Pb nuclei were detected.  
The obtained results show that the detected intensity of (n,n’) gamma lines depend on the neutron 
slowing-down properties of materials placed around the detector. 
3.2. Determination of the neutron flux 
An estimation of the neutron flux in gamma spectroscopy systems was done in this work using 
detected intensity of gamma lines which follow neutron capture on Ge and H nuclei and inelastic neutron 
scattering on Ge and Pb nuclei. This way, we obtained information about the values of the thermal and 
fast neutron fluxes inside the detectors, in the shield and in the materials placed around the detector. 
Standard empirical formulas for determination of the neutron flux were used, as well as a method that 
uses values of the cross section for emission of certain gamma photons following neutron captures and 
inelastic scattering. Obtained results are presented in Tabs. 1 and 2. Detailed description of our 
measurements of the neutron flux can be found in [8].  Results presented in Tabs. 1 and 2 suggest that 
values of the thermal and the fast neutron flux depend on neutron slowing-down properties of materials 
placed around the detector. 
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Table 1: Flux of thermal neutrons measured by capture in Ge and H 
Material 
surrounding 
the detector 
Φ
T
[s-1m-2] 
Ge, empirical formula 
Φ
T
[s-1m-2] 
Ge, 139.9 keV 
using σγ(n, γ) 
Φ
T
[s-1m-2] 
Ge, 157.7 keV 
using σγ(n, γ) 
Φ
T
[s-1m-2] 
H 
Pb 17.5(11) 21.6(14) 21.6(5) ---- 
Pb+CuSO4d5H2O 45.4(6) 55(3) 101(20) 75.3(27) 
Pb+Paraffin 58.5(6) 72(4) 72(12) 69.4(18) 
Table 2: Flux of fast neutrons measured by inelastic scattering on 72Ge and 206Pb 
Material 
surrounding 
the detector 
Φ
F
[s-1m-2] 
691.3 keV 
72Ge, empirical formula 
691.3 keV 
72Ge, using σγ(n, n') 
803.3 keV 206*Pb 
σγ(n, n') [4] 
803.3 keV 206*Pb 
σγ(n, n') [5] 
Pb 157(24) 181(23) 104(8) 57(13) 
Pb 
+CuSO4d5H2O 
80(16) 92(11) 60(8) 33(5) 
Pb+Paraffin 79(15) 89(8) 85(9) 46(6) 
3.3. Activity of  56Fe produced in inelastic scattering of neutrons  
In our measurements (background spectra and by using 252Cf neutron source) only three gamma 
transitions (846.8 keV, 1238.3 keV, and 1810.8 keV) after inelastic neutron scattering on 56Fe were 
detected. The strongest gamma transition is due to the 846.8 keV background line with the measured 
intensity of 1.16(8)•10-3s-1. Gamma line with energy of 1037.9 keV was not detected, which suggests that 
there is not a sufficient number of cosmic and fission neutrons that can excite 3122.9 keV energy level of 
56Fe. Intensities of the 1037.9 keV, 1238.3 keV, and 1810.8 keV gamma lines have been normalized to 
that of 846.8 keV line and are summarized in table 3. Another possible source of gamma radiation emitted 
from the excited 56Fe nucleus is the 56Fe(μ,νμ)56Mn reaction. The product of the muon capture, 56Mn, 
decays to the 56Fe and the relative intensities of three gamma lines of interest are presented in the last 
column of table 3. Comparison of the relative intensities of 1037.9 keV, 1238.3 keV, and 1810.8 keV 
gamma lines measured in our iron shield with those from neutron beam experiments are presented in Fig. 
1. Results presented in Fig. 1 show the dependence of the relative intensities of 56Fe gamma lines on the 
incident neutron energy. 
Table 3: Flux of fast neutrons measured by inelastic scattering on 72Ge and 206Pb 
Eγ [keV] 
In iron chamber 
56Mn decay 
Background 
252Cf 
in air 
252Cf 
in Paraffin 
1037.9 <1.4 <0.2 <0.9 0.040 
1238.3 8(6) 9.3(7) 7(3) 0.10 
1810.8 11(7) 6.1(14) 5(3) 27.7 
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Figure 1: Relative intensities of gamma lines detected both in the background spectra and the spectra measured by the use of 252Cf 
source. Previous results of pertinent gamma transitions obtained in neutron beam measurements are shown as solid squares [6,7]. 
3.4. Influence of inelastic scattering of neutrons on the low energy part of the gamma spectra 
Ge nuclei can be excited by inelastic scattering of neutrons. De-excitation of the excited states of Ge 
generates characteristic non - symmetric gamma lines due to summing energy of gamma photon and 
nuclei recoil. If the gamma photon escapes detection, only energy of nuclei recoil will be detected. This 
way, inelastic neutron scattering can increase count rate in the low energy part of the gamma spectrum 
during measurement by Ge-detector. At the lowest part of the measured gamma spectra with 252Cf neutron 
source we detected characteristic Maxwell distribution of count rate events, which correspond to energy 
distribution of Ge nuclei recoil. The integral count rate in energy range between 10 and 50 keV decreased 
with increasing the thickness of PVC between the neutron source and the detector (Fig. 2). Intensity of 
(n,n') Ge gamma lines have the same trend (Fig. 2). Larger thickness of PVC between 252Cf and the 
detector produced a lower number of fast neutrons in the Ge detector and a lower number of inelastic 
neutron scattering events. On the basis of the results presented on Figure 2, we can conclude that the 
count rate in the low energy part of the gamma spectra and the (n,n') gamma lines are both generated by 
the inelastic neutron scattering on Ge-detector nuclei. 
4. Conclusions  
1. Gamma activity generated by neutron interaction is inevitable during low background gamma 
measurements. All materials placed around the detector and the detector itself can become a source of 
gamma activity due to neutron interactions. Comparison of count rate  of the 139.9 and 595.8 keV gamma 
lines indicates that significant excitation of the 139.9 keV level in 75mGe can occur through some other 
mechanism besides thermal neutron capture. Considering that the 139.9 keV gamma line is usually used 
to estimate the thermal neutron flux, a careful measurement with a Cd envelope should be done in order 
to estimate the contribution of fast neutrons to the overall neutron capture in Ge. 
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Figure 2: Integral count rate 10 - 50 keV and I691 + I595 as a function of thickness of PVC 
2. Obtained values for neutron flux show that putting some materials around the detector changes the 
neutron flux in the detector. Measurement of fast neutron flux by inelastic neutron scattering on Pb 
suggest that better estimation should be obtained for the cross sections for the excitation by an inelastic 
neutron scattering of the 803.3 keV level of 206Pb. 
3. Obtained values for the relative intensity of the 56Fe gamma lines, measured both in the background 
spectra and the spectra induced by the californium source, suggest that both fission neutrons and muon-
induced neutrons obey similar energy distributions. Relative intensities of those gamma lines demonstrate 
the sensitivity on the shape of the neutron energy spectrum and may provide an effective diagnostic tool. 
4.  Steeply degradation of neutron energy by thermalization in PVC lead to the expected decease of the 
intensity of characteristic non - symmetric gamma lines detected after inelastic scattering of neutrons. 
Integral intensity of the low energy region (10-50 keV) showed same trend (Fig. 2).  It means that lowest 
part of Ge spectra up to 100 keV is mostly influenced by neutron interactions – elastic and inelastic 
scattering. Decrease of fast neutrons number is highly necessary for reduction of the unwanted 
background at the very important part of spectrum. The count rate (in the energy range between 10 and 50 
keV) dependence of average neutron energy can be used for development of a new method for neutron 
diagnostics.  
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